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ABSTRACT
The reaction of B-alkyl-9-Borabicyclo [3.3.l]nonane 
derivatives with carbon monoxide in the presence of lithium tri­
ethylborohydride has been shown to produce an intermediate which 
can readily be oxidized to the homologated aldehyde. With this 
reaction, primary, internal and cyclic olefins can be converted into 
the homologated aldehyde in good yield. Thus, cyclohexene is con­
verted into cyclohexane carboxaldehyde in 75 percent yield. 
Preliminary studies indicate that functionally substituted olefins 
can be accommodated. Thus, methyl-10-undecenoate is converted into 
11-carbomethoxyundecanal in 61-percent yield.
By utilizing lithium triethylborodeuteride, d^-aldehydes
can be produced in like yields. Nmr and I.R. studies show 
deuterium incorporation of 98 percent to 100 percent in the formed 
d^-aldehydes.
ix
THE CARBONYLATION REACTION OF ORGANOBORANES 
IN THE PRESENCE OF LITHIUM 
TRIETHYLBOROHYDRIDE
CHAPTER I
INTRODUCTION
The general hydroboration reaction of olefins, discovered 
in 1956,^ is probably the single most important contributor to the 
use of organoboranes as synthetic intermediates. In this reaction, 
Borane, a mild reducing agent comparable to NaBH^, was shown to add in
a cis-fashion to the least hindered side of a double bond,
BD3 + \ J \\ TOF > \ / \~ " 90%
thus, allowing the cheap, easy synthesis of organoboranes. Without
it, the possible use of carbonylated organoboranes as synthetic
intermediates may never have been explored.
Early explorations of the. reaction of carbon monoxide with
2
boron-containing compounds were headed by Burg and Schlesinger.
In 1936, they achieved the addition of carbon monoxide to diborane. 
The reaction occurred in a sealed tube at 100° under 20 atmospheres 
of carbon monoxide pressure and yielded the addition compound 
borane carbonyl.
1/2(BH) + C 0 f = *  H3BC0
Borane carbonyl boils at -64° and is largely dissociated into its
2
components at atmospheric pressure. At the same time, the addition
3
of carbon monoxide to the methyl derivatives of diborane was found 
to occur at five atmospheres CO pressure to give a number of rather 
complex materials. The major one, with empirical formula 
j(CH^^BHCOf2> did not liberate hydrogen when treated with water.
The compound thus had no easy hydrolyzable boron-hydrogen bonds and,
4
in light of recent studies, probably was:
CH
CH
CHCH
Significantly, no carbon monoxide uptake was reported for the 
attempted reaction, under the same conditions, of CO with trimethyl- 
borane*
It remained until 1961, and the advent of a*wider variety 
of more easily synthesized organoboranes, that the further studies 
by W. Reppe and A. Magin^ resulted in the issuance of a patent for 
the carbonylation of trialkylboranes under pressure. The resulting 
(R^BCO)^ compounds were formed by the reaction of a trialkylborane
with carbon monoxide at pressures of 100 to 200 atmospheres and 
temperatures of 10 to 20 degrees. After reaction mixture distillation, 
the major product was found to be (R^BCO)^ and the minor one (R^BCO)^.
4g
Mellville Hillman, at Dupont, in 1962 and 1963 first described the 
structures of these products. By running the same reaction at 
pressures of 500-1000 atmospheres, he achieved the formation of 
2,5-diboradioxanes (I) at 50° C.
Upon hydrolysis of the B-C bonds with alkaline hydrogen peroxide, 
the corresponding dialkyl carbinols were produced.
I -> 2R0H + 2R0 COH
2 2 2
If the reaction was run at higher temperatures, generally 150°, the
corresponding boronic anhydrides (boroxines) were formed.
.CR
150
500-1000
atm
Thus, in order to explain these results, Hillman postulated the 
following mechanism:
This takes into account the facts that boron is:
1. a good Lewis acid, having a low lying (energywise) 
empty p-orbital for carbon monoxide to attack, and
2. less electronegative than carbon,
thus, allowing for the subsequent migrations of alkyl groups from 
boron to carbon.
The first significant improvements on the synthetic aspects
of the reaction were undertaken by Brown and Rathke at Purdue.
7 8First, the Brown hydrogenator was adapted for carbonylations.
This allowed CO uptake to occur, and be monitored, at atmospheric 
9pressure over long periods of time. Then, the first trapping of 
the carbonylated organoboranes, at various migratory stages 
(see Intermediates II, III, and IV, this chapter), of the reaction, 
was achieved. By this method, the following reaction pathways were
found to be operative, and convenient pathways were thereby made
9 10available to a variety of tertiary alcohols, dialkylketones and
methylol derivatives."^
(CH20H)2 _ H202
(1) R3B + CO ---  R3CB
o— < m 2
► R„C0HNaOH 3
6(IX) R3B + CO * R-B— CR, * R2CO2 NaOH
OH OH
(III) r3b + CO
NaBH4 * R,2 T NaOH
R
r c h2oh
(A)
The utility of the reaction stood at this point until about
1967 when H. C. Brown and R. A. Coleman at Purdue University under­
took an in-depth study of one of its aspects. They particularly were 
interested in the possibility of oxidizing the carbonylated inter­
mediate (A) , trapped by a metal hydride after one R-group migration 
from boron to carbon, to the homologated aldehyde. One of the facts 
that made this reaction of interest was that, even with the Brown 
hydrogenator,
one week was required for complete CO uptake. However, when a metal 
hydride was used to trap the first intermediate, CO uptake was 
greatly enhanced and, in the case of lithium trimethoxyaluminohydride, 
was complete in about 45 minutes for most systems. Therefore,
Brown and Coleman undertook a study of this reaction mechanism 
stoichiometry, the oxidation of the intermediate to the homologated 
aldehyde and its subsequent isolation, and a survey of metal hydride 
reducing agents to best effect the production of this product.
R3B + C 0 ^ l F ^  R3BC0
1 atm
The first reducing agent explored was lithium
12trimethoxyaluminohydride.
LiAlH , + 3CHo0H --► LiAl(OCH-) _H + 3H0 +
4 3 stir 3 3 2
The following mechanism was felt to be operative and, indeed, may
be operative in all known trapping systems of this type.
0
R3B + CO R3BCO ---5- r2b-!hr.
MH
OM
MH
OM
R-B-C-H----►R0B—C—H
J- I j
MH = metal hydride R
It really is not known which of the carbonylated inter­
mediates is trapped and it really does not matter since the final 
trapped intermediate is the same in either case. Now, upon 
oxidation of the intermediate with hydrogen peroxide and a phosphate 
buffer system, one mole of homologated aldehyde was formed.
°M KoHTO 0
R2 ™  + H2°25fHP§7" ^ - *  + 2R0H 
R
Product, yields, with CO uptake being 100% with regard to metal hydride 
and triorganoborane present, were quite high.
ch3(ch2)3ch = ch2 ^  ch3(ch2)5cho
(CH3)2CH = CH2 (CH3)2CHCH2CH0
There was, however, one immediately apparent drawback to 
the reaction scheme. This was the loss of two equivalents of 
starting olefin for each equivalent of aldehyde produced and was 
due simply to the fact that three equivalents of olefin were needed 
to form, upon reaction with BH^, one mole of triorganoborane.
This difficulty was circumvented in 1968 with the synthesis and use
1 ^
of 9-Borabicyclo |3.3.l|nonane(9-BBN).
Ill
+  b h3  »  ( d i m e r )
[03
Now, when using 9**BBN as the hydroborating agent,
( J > - H
CH. R
CH2
H-C-OM
Tut? I
V + CO + MH ' y 'o4  A  ----- ► RCH CH CHO
l l t m  . Q  101 ^
only one equivalent of olefin is utilized in the formation of one 
equivalent of triorganoborane and, thus, in one equivalent of 
aldehyde. 9“BBN had Some very desirable synthetic properties in 
that it was cheap, easy to prepare, and very stable, compared to 
other hydroborating agents. As a hydride reducing agent, it 
possesses a very large steric tie-up "behind" the B-H bond (it is
nicknamed the parachute compound and represented as G >  -H), thus
9making its addition to olefins very selective, even in the presence
of adverse steric and electronic effects. This selectivity made
12
possible the following syntheses:
CH = CH„
93%
80%
CHO
CH3CH2CH2C = CCH CH = CH2 ■ • -> CH3(CH2)2C = C(CH2)3CHO
These being an addition to the synthesis of compounds already shown.
The next work was done on achieving and improved metal 
hydride. Lithium trimethoxyaluminohydride, the reagent of choice to 
this point, is a very powerful reducing agent, similar to lithium
f
aluminumhydride itself. Thus, all work had been done using only 
olefins with no functional groups because the metal hydride would, 
to some extent, reduce any functional group introduced, in addition 
to the carbonylated organoborane intermediate.
The synthesis and use of lithium tri-t^butoxyaluminohydride 
changed this significantly.
CH_
I 3
LiAlH4 + 3CH3-C-OH ----- ► LiAl(O-t-Bu)3H
Cr3
This reducing agent, while operative in the carbonylation reaction
in the same way as lithium trimethoxyaluminohydride, is much milder, 
being comparable to NaBH^,. Thus, while giving yields comparable to
lithium trimethoxyaluminohydride in previously discussed reactions,
13
the following reactions were now also possible :
h 2 c = c h (c h2) 8co2c h3 - 5 5 J *  one (c h 2) 10c o2c h3 
h 2 c = chch2co2c2h5 o h c (c h2) 3co2c2h5
H.C = CHCH0CN 0,,, > 0HCCHoCH„CH„CN Z Z o_)/o z z z
The work now proposed for exploration was actually an
extension of this search for another useful metal hydride reducing
agent and, specifically, to the formation of aldehydes which are
deuterated in the 1-position. This grew partly out of the apparent
need for a synthesis of these compounds less expensive than any now
available and, also, for one widely applicable and experimentally
simple. To this end, the use of lithium triethylborohydride (and
lithium triethylborodeuteride) was explored as the reagent of
choice.
14 *This compound was prepared by Brown and co-workers at
Purdue University and has been given some impressive accolades.
Brown has called it "the most powerful reducing agent known to man,"
4
its nucleophilicity being estimated at 10 that of lithium 
aluminumhydride, because of its capability for the following reaction
CH. CH.
I thf L
LiEt.BH + CH.— C-CH.Br — -- ► CH.-C-CH.3 3 j 2 reflux 3 . 3
Et = CH3CH2“ CH3 3 hours CH3
11
Its quantitative formation was relatively easy.
25° C 
THFLiH + EtQB ---I-.- •> LiEt BH
3 stir 3
12 hours Et = CH3CH2~
A fact that made this reducing agent so enticing for this work was
that for each mole of hydride utilized in its formation, one mole
of metal hydride reducing agent was obtained. This was unlike
lithium trimethoxyaluminohydride and lithium tri-t^-butoxyalumino-
hydride whose precursor lithium aluminumhydride must lose three
moles of H: to form one mole of final reducing agent. This became
especially important when the H: was replaced by the much more
12expensive D:. Since it had been postulated that the hydride 
(deuteride) on the metal hydride reducing agent specifically became 
the proton on the final aldehyde, it was now hoped to have, with
the added assistance of 9-BBN, a 1:1 correspondence not only of 
starting olefin, but also of starting hydride (deuteride) to homolo­
gated aldehyde.
OM
+ CO + MH* _25 ° *• ( f o n U
0
R-L-dS-fl*
R
[0]
The research was thus aimed at exploring this trapping 
system with regard to reaction conditions and stoichiometry leading 
to most efficient production and isolation of homologated aldehydes 
and comparison of these results to existing trapping agents.
CHAPTER II
THE CARBONYLATION OF B-ALKYL-9-BBN DERIVATIVES IN THE 
PRESENCE OF LITHIUM TRIETHYLBOROHYDRIDE OXIDATION 
OF THE REACTION INTERMEDIATES TO THE 
CORRESPONDING ALDEHYDES
Introduction
The reaction of carbon monoxide with a B-alkyl-9-BBN moiety
in the presence of a metal hydride reducing agent produces an inter'
mediate which, upon subsequent oxidation with a hydrogen peroxide
and neutral phosphate buffer system, yields the homologated
12aldehyde and 1,5-cyclooctanediol.
( T > - R  + CO + MH ---- ► blf2fer ■ > RCHO +
I H HO
MH = metal hydride
I = B-alkyl-9-borabicyclo [3.31] nonane 
Since lithium trimethoxyaluminohydride and lithium 
tritertiarybutoxyaluminohydride had already been employed as metal 
hydrides, the reaction should readily accommodate the use of 
lithium triethylborohydride. Indeed, this is what the research is 
based upon. This system is somewhat different than those previously 
explored, however. The use of this reagent in a system with carbon
13
monoxide present allows for the possibility of not only the afore- 
shown trapping reaction, but also of its reaction with carbon 
monoxide.
Li(CH3CH2)3BH +CO ---- ► £(Cl^Ciy 3B-CHOj" Li+
II
H
I! ---- ► (CH3CH2)— B--|:-0 Li+ -L-l- > 2CH3CH20H + CH3CH2CHO
CH2CH3 III
12This was first noted by R. A. Coleman at Purdue. Thus, 
the system actually consists of two competing reactions, and yields 
of propionaldehyde (III) will be reported whenever appropriate.
A series of olefins representative of different types of 
carbon skeletons was selected for investigation of the system.
The series, consisting of terminal, internal, cyclic, and bicyclic 
olefins, provided a reasonably broad overview of the synthetic 
potential and generality of this reaction. Results of this survey, 
including carbonylation and oxidation conditions and reaction 
stoichiometry, are discussed.
Results
The Carbonylation of 
Lithium Triethylborohydride 
in Tetrahydrofuran
Two solutions of lithium triethylborohydride, one at -23° 
and one at 0°, were stirred in the presence of carbon monoxide.
CO uptake was monitored and was steady overtime and in each case
14
was 100 percent, with regard to hydride present, after 15 minutes. 
Phosphate salt solution (pH 9.5) and hydrogen peroxide were added 
and oxidation was completed by heating. After work-up, glpc 
analysis showed a 96 percent yield of propionaldehyde had been 
obtained.
The Carbonylation of 
Trihexylborane in the 
Presence of Lithium 
Triethylborohydride
A solution of trihexylborane was prepared via the hydro-
boration of 1-hexene with borane in tetrahydrofuran. This was
carbonylated at 0° in the presence of lithium triethylborohydride.
After completion of carbon monoxide uptake, the reaction mixture
was oxidized in a pH 9.5 phosphate buffer/hydrogen peroxide
oxidation system at 45°. After work-up, in the usual manner, glpc
analysis showed that a 31 percent yield of heptaldehyde had been
effected.
The Carbonylation of B- 
Alkyl-9-BBN Intermediates in 
the Presence of Lithium 
Triethylborohydride Oxidation 
of Intermediates at 25°
Norbornylene, cyclohexene, cis-2-butene, and 1-hexene were
hydroborated with 9-BBN and carbonylated at -23° in the presence of
lithium triethylborohydride. Hydride addition was over about 10
minutes, with CO uptake being smooth and quantitative, about 15
minutes after last hydride addition. Oxidation was achieved with
15
hydrogen peroxide and phosphate salt (pH 9.5) solution stirred at 
25°. Glpc analysis of the reaction mixtures are summarized in 
Table I.
Reactions with 1-hexene were also carried out at -45° and 
-78°. Results are shown in Table I.
Some propionaldehyde yields are not shown because tempera­
ture program used for glpc analysis did not allow for accurate peak 
separation from tetrahydrofuran.
Oxidation of B-Alky1-9-BBN Moieties 
and Trialkylboranes with 
Hydrogen Peroxide and pH 9.5 
Phosphate Salt Solution at 
Various Temperatures
A number of trihexylborane, B-hexyl-9-BBN, and B-cyclohexyl- 
9-BBN intermediates in tetrahydrofuran were prepared. Oxidation was 
effected, in all cases, by adding 2.5M Potassium Phosphate (Dibasic) 
pH 9.5 salt solution and 30 percent peroxide. The mixtures were 
then stirred at various temperatures for 1.5 hours. After work-up, 
glpc analysis of the mixtures was done. Results of this study are 
summarized in Table II.
Carbonylation of B-Alkyl- 
Sh-BBN Moieties at 
Presence of Lithium 
Triethylborohydride,
Subsequent Oxidation at 
40°-55°
Various B-alky1-9-BBN.derivatives, formed in the usual 
manner, were carbonylated at -23° in the presence of stoichiometric
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amounts of lithium triethylborohydride. Hydride addition was slow,
30 to 60 minutes, depending upon reaction size, and CO uptake was 
quantitative, in all cases, 15 minutes after last hydride addition. 
After oxidation in a hydrogen peroxide, pH 9.5 phosphate salt 
solution system at 40° to 55°, reaction mixtures were worked up 
in the usual manner and glpc analysis accomplished. Results are 
Summarized in Table III.
Reaction mixtures of B-hexyl-9-BBN were also carbonylated 
at -45° and -78°. Results of this work, as well as those for -23°, 
are summarized in Table IV.
Carbonylation of B-Hexyl- 
9-BBN in the Presence of 
Lithium Triethylborohydride 
at -23°, Reaction 
Stoichiometry Study
B-hexyl-9-BBN reaction mixtures were prepared in the usual 
manner. Carbonylation was effected in the presence of lithium 
triethylborohydride, present in ratios of 2:1, 1:1, and 1:2, 
hydride to B-hexyl-9-BBN. Oxidation was carried out in the usual 
manner, at 4o° to 55°, and work-up was completed. Glpc analysis 
results are summaried in Table V.
Solubility of 
Propionaldehyde in 
£«,9-5, Oxidation System
A standard mixture of propionaldehyde in tetrahydrofuran was 
stirred at 35° to 45° in the presence of a pH 9.5 phosphate buffer/ 
hydrogen peroxide oxidation system. After work-up and analysis
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TABLE IV. The Carbonylation of Various B-Alkyl-9-BBN 
Intermediates in the Presence of Lithium 
Triethylborohydride at Different 
Temperatures.a
B-Alky1-9- 
BBN 
inter­
mediate
Carbonylation 
tempera­
ture, ° C
Reaction
size
mmoles
CO uptake 
mmoles
Homologated 
aldehyde 
yield,^ 
mmoles
Hexyl- -23° 10 10 7.5
Hexyl- 0 ° 10 10 7.4
Cyclohexyl- -23° 10 10 6 .6
Cyclohexyl- 0 ° 10 10 5.5
Norbornyl- -23° 10 10 3.4
Norbornyl- 0 ° 10 10 2.4
All reaction mixtures oxidized at 40-55° 
All yields via glpc analysis.
c .
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TABLE V. The Carbonylation of B-hexyl-9-BBN in the 
Presence of Various Ratios of Lithium 
Triethylborohydride.3
Mmoles
hexyl-9-
BBN
Mmoles
LiEt^BH CO uptake mmoles
Homologated
aldehyde
yield
mmoles
Corresponding
alcohol
yield
mmoles
Propion­
aldehyde
yield
mmolesc
10 20 20 7.6 10.0 0d
10 10 10 7.5 1.5 1.8
20 10 10 8.3 1.6 10.3
cl
All reaction mixtures oxidized at 40-55° C. All yields via glpc 
analysis.
Corresponding alcohol of 1-hexene (hexanol).
c
All yields corrected for 20 percent loss during oxidation. 
dAll propionaldehyde lost during oxidation.
23
in
.w
o  U
<VI
Fi
gu
re
 
I.
-^
-I
nf
ra
re
d 
Sp
ec
tr
um
 
of
 
He
pt
al
de
hy
de
24
100 2.0
TMSPPM
Fig. II.— Nmr Spectrum of Heptaldehyde
25
>
o  v
o  o
 o
Fi
g.
 
II
I.
—
In
fr
ar
ed
 
Sp
ec
tr
um
 
of
 
Cy
cl
oh
ex
an
ec
ar
bo
xa
ld
eh
yd
e
26
9.0 3.0 1.0
PPM
Fig. IV.— Nmr Spectrum of Cyclohexanecarboxaldehyde
27
by glpc (gas chromatography), a loss of 20 percent of the 
propionaldehyde was found. Thus, all yields of propionaldehyde 
in this thesis will be corrected for a 20 percent loss during oxi­
dation of the reaction mixture.
Discussion
12* Initial work by Coleman and Brown at Purdue University
had shown that excellent yields of homologated aldehydes could be 
achieved by carbonylating various B-alkyl-9-BBN moieties in the 
presence of lithium trimethoxyaluminohydri.de and lithium tri- 
tertiarybutoxyaluminohydride and subsequently oxidizing the 
intermediate with a pH 7 phosphate buffer and 30 percent hydrogen 
peroxide system. An initial reaction, the carbonylation of 
B-hexyl-9-BBN with lithium triethylborohydride and subsequent oxi­
dation with the pH 7 buffer/hydrogen peroxide system, produced only 
a 67 percent yield of homologated aldehyde. Because carbon 
monoxide uptake had been rapid and quantitative in the reaction, 
it was hoped that use of a more efficient oxidation system would 
produce increased yields of homologated aldehyde. Therefore, 
an identical B-hexyl-9-BBN carbonylation was run and it was oxi­
dized at pH 8.35. This produced a 73 percent yield of aldehyde. 
Later reactions oxidized at pH 9.35 produced like results and this 
is the system that was adopted for reaction use. J These oxidations 
were all effected with stirring at 25° and produced about 90 per­
cent over-all oxidation of reaction intermediates to yield
heptaldehyde and hexanol.
(^^B-hexyl + CO + MH — ► Heptaldehyde
Hexanol
The lithium triethylborohydride system was then extended 
to the use of cis-2-butene, cyclohexene, and norbornylene for the 
formation of B-alkyl-9-BBN intermediates. Yields of homologated 
for these systems, shown on Table I, were not good. Also, it is 
apparent that product to reactant ratios are quite poor. That is, 
if 10 mmoles of B-alkyl-9-BBN is reacted with 10 mmoles of hydride, 
the sum of the yields of homologated aldehyde and its corresponding 
alcohol, produced from the hydrolysis of any B-alkyl-9-BBN molecules 
not carbonylated and trapped the reaction should equal 10 mmoles.
Thus, a product to reaction ratio of one would be achieved. In 
these reactions, however, ratios ranged from .6 for norbornylene to 
.85 for heptaldehyde. Therefore, the oxidation conditions on 
trihexylborane, B-hexyl-9-BBN, and B-cyclohexyl-9BBN were tested, 
summarized on Table I, at tempberatures ranging from 25° to 55° and 
stirring times of 1.5 hours. Based on these results, reaction 
mixtures were heated between 45° and 55° during oxidation. As can 
be seen in Table III, reactant to product ratios and yields of 
homologated aldehyde increased significantly. Thus, it seems apparent 
that the trapped intermediate in the lithium triethylborohydride 
system requires more stringent oxidative conditions than those found 
in previous systems.
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Another nuance of this system that was tried to be offset 
experimentally was the reaction of lithium triethylborohydride 
with carbon monoxide to form propionaldehyde. Evidence that this 
was happening in the system is provided by the yields of propion­
aldehyde, found in glpc analysis of reaction mixtures, and the 
observation that reaction times for quantitative carbon monoxide 
uptake were limited to 15 minutes after last hydride addition.
This is exactly the time required for the carbonylation of a 
solution of lithium triethylborohydride itself. Therefore, a 
much slower addition of hydride addition was started, 30 to 60 
minutes depending on reaction size. In this way, the reducing agent 
would always be in the presence of an excess of B-alkyl-9-BBN- 
carbon monoxide adduct. Comparison of yields of homologated 
aldehydes prevented in Table I and Table III lends justification to 
this procedure. This reasoning may also account for the increased 
aldehyde yields, shown in Table III, effected when comparitively 
larger reaction sizes are used. However, attempts to maximize 
homologated aldehyde yields by utilizing either an excess of metal 
hydride reducing agent or B-alkyl-9-BBN intermediate (results 
summarized in Table V) met with little success. Therefore, 
stoichiometric ratios of hydride and B-alkyl-9-BBN were used in all 
further reactions.
The carbonylation reaction itself was run at -23° because 
Coleman had shown that, at this temperature, carbon monoxide uptake 
was quantitative in the lithium trimethoxyaluminohydride and
12lithium tri-_t-butoxyaluminohydride systems. Also, preferential
migration of the B-alkyl group, rather than the possible migration
of one of the boron-carbon bonds of the cyclooctane ring, from boron
to the carbon monoxide carbon occurred. Thus, yields of homologated
aldehyde were optimized. Therefore, the carbonylation reaction of
various B-alkyl-9-BBN intermediates was studied in the presence of
lithium triethylborohydride at various temperatures. Results of
this study, summarized in Table V, indicate that this system does
not seem to be greatly affected by changes in temperature.
Because it is convenient and later work (discussed in Chapter VI)
with functionally substituted aldehyde production could be run at
this temperature, -23° was selected as the temperature of choice.
Another attempt to maximize homologated aldehyde formation
by carbonylating trihexylborane in the presence of lithium
triethylborohydride was carried out. Trialkylboranes had been
used in carbonylation-trapping reaction prior to the advent of
*
9-BBN and other modified hydroborating agent and yields of homolo­
gated aldehydes had been comparable to those for B-alkyl-9-BBN 
moieties. This was done because now one did not have to worry 
about getting preferential migration of any one alkyl group from 
boron to carbon because any alkyl group migration would give 
homologated aldehyde formation. Thus, the reaction was run at 0°. 
However, only a 31 percent (glpc) yield of heptaldehyde was found, 
as compared with 78 percent when the 9-BBN moiety was utilized.
A discussion of possible causes for this low yield is found in
31
Chapter V.
From the results obtained in the experimental work, it 
appears that the lithium triethylborohydride system is best suited 
for the production of homologated aldehydes from B-alkyl-9-BBN 
moieties where the alkyl groups are obtained from olefins which are 
terminal, internal (with no branching at the alpha position), or 
cyclic.
CH2 = CH-(CH2)3-CH3 ----- ► CH3-(CH2)5-CHO , 75-90%
CHq 
I 3
CH -CH-CH = CH-CH
:ho
, 65-72%
CH CH
+ CH -CH-CH -CIl-CHO , 65-74%
CHO
, 35%
Although the bicyclic system,
. I
could possibly be accommodated, the internal systems with branching 
at the alpha position,
, 15%
CH
3
CH CH-CH
CHO
chTch
CH3-CH-CH-CHO 5%
cannot. One reason for this may be that lithium triethylborohydride 
has a larger effective steric bulk than prior metal hydrides
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utilized. Thus, it is difficult for it to attack the carbonylated 
intermediates derived from these more hindered olefins and instead 
attacks carbon monoxide. This would account for the large yields 
of propionaldehyde (see Table III) formed in these reactions. A 
more complete discussion of possible reaction mechanism charac­
teristics is presented in Chapter V.
Samples of heptaldehyde and cyclohexanecarboxaldehyde 
produced with the lithium triethylborohydride system were isolated 
via bisulfite separation (see Chapter III) and purified on a glpc 
preparatory column. Infrared and Nuclear Magnetic Resonance 
Spectra were taken of these materials and appear as Figures I 
through IV.
Experimental
All reactions and preparations involving air sensitive com­
pounds were done under a dry nitrogen atmosphere. All transfers
and additions, wherever possible, were done using syringe tech-
, 16 niques.
Materials
Tetrahydrofuran, Fisher, was distilled from lithium 
aluminum hydride and stored under dry N^.
Diglyme, Eastman Organic Chemicals, was distilled from 
calcium hydride and lithium aluminum hydride at reduced pressures 
and stored under dry N^.
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Sodium borohydride, lithium hydride, and lithium aluminum 
hydride, all Ventron, were used without further purification. 
1-octanol, Fisher Scientific, was used directly.
Hydrogen peroxide, Fisher Reagent, 30 percent, was used 
directly.
Boron trifluoride in diethyl ether, Eastman, was used as is. 
Potassium phosphate dibasic, Baker and Adams, was used 
without further purification.
Norbornylene, Aldrich, 99 percent, was used directly. 
1,5-cyclooctadiene, Chemical Samples, was distilled from 
lithium aluminum hydride under reduced pressure and stored under 
dry N2.
1-Hexene and cis-2-butene, Aldrich, were distilled over 
lithium aluminum hydride and stored under dry N^.
Cis-2-butene and cis-4-methyl-2-pentene, chemical samples,, 
were distilled over lithium aluminum hydride and stored under dry
V
Solutions of Borane in tetrahydrofuran were prepared by the
17method of Brown and Zweifel.
3NaBH. + 4BF» ----- ► 4BH0 + 3NaBF.
4 3 3 4
In a 1-L. flask equipped with sidearm, connected to a
mercury bubbler, and a magnetic stirring bar was placed 900 ml.
tetrahydrofuran. The flask was immersed in an ice bath and
stirring started. Diborane was generated by adding 2.0 moles of
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borontrifluoride etherate to 500 ml. diglyme, containing 1.5 moles 
of sodium borohydride, over 1.5 hours. The borane was passed 
through a dry ice condenser (to remove ether) and through a small 
amount of sodium borohydride in diglyme (to remove boron tri­
fluoride) into the stirring tetrahydrofuran. After complete 
addition, the reaction flask was heated to 50° to 60° until 
bubbling cessation and the system flushed with dry nitrogen. The 
tetrahydrofuran flask was removed and the reaction mixture des­
troyed by slowly adding 250 ml. water over two hours. The borane/ 
tetrahydrofuran solution was analyzed for borane by injecting 
1 ml. aliquots into water and tetrahydrofuran (1/1 volume ratio) 
and measuring the hydrogen evolved. This was accomplished on a 
gas buret. The solutions of borane, generally about 2M in borane, 
were stored at 0° under dry nitrogen and appeared to be very stable.
Solutions of 9-Borabicyclo[3.3.ljnonane in tetrahydrofuran 
were prepared in the following manner. To a dry 250 ml. flask 
fitted with septum inlet, stirrer, reflux condensor, mercury 
bubbler, and under dry nitrogen, were added 180 ml. dry tetra­
hydrofuran and 111.5 ml., 1.80M borane in tetrahydrofurna. The 
flask was immersed in an ice bath and 200 mmoles (24.8 ml.) 1,5- 
cyclooctadiene was added over about 10 minutes, the solution 
refluxed for 2.5 hours, and cooled to 25°. Analysis for hydride 
was accomplished by injecting five ml. aliquots into a methanol and 
tetrahydrofuran (1/1 volume ratio) on a gas buret and measuring 
hydrogen evolved. Evolution was complete in 30 to 45 minutes.
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Solutions prepared in this way were generally about .65M. When 
stored under dry nitrogen, at 25°, these solutions appeared to be 
stable for long periods of time.
Preparation of lithium triethylborohydride in tetrahydro­
furan solutions was effected by adding 125 mmoles LiH (powder) to a 
dry 250 ml flask fitted with stirrer, septum inlet, and reflux con- 
densor. After flushing the system with dry nitrogen, 100 ml, 1M 
triethylborane in tetrahydrofuran was added and the mixture either 
stirred for 12 hours at 25° or refluxed for 1.5 hours. A fil­
tration apparatus was prepared by placing a Celite bed on the top 
of a cintered glass disc contained in a glass funnel and the 
apparatus oven dried. After flushing the apparatus with dry 
nitrogen, the lithium triethylborohydride solution was added and 
forced through the filter by using dry nitrogen pressure. This was 
done to remove excess lithium hydride. Solutions, stored in a dry 
flask under dry nitrogen, appeared clear and sparkling after 
filtration and were quite stable at 25°. They were standardized in 
the same way as the borane in tetrahydrofuran solutions.
The Carbonylation of 
Lithium Triethylborohydride
To a dry 200 ml flask fitted with septum inlet, stirrer, 
and attached to a Brown^ carbonylator (see Figure V) were added 
25 ml dry tetrahydrofuran and 17.7 ml, 1.13M lithium triethyl­
borohydride in tetrahydrofuran. The system was flushed with carbon 
monoxide and the reaction flask placed in an ice bath at -23°.
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. Vigorous stirring was initiated and carbon monoxide uptake monitored 
for 15 minutes, when uptake was quantitative. The reaction mixture 
was then placed in an ice bath and 40 ml, 2.5M K^HPO^ salt solution
was added. Oxidation was continued by slowly adding 20 ml, 30 per­
cent ^2 2^ over a^out minutes (to keep down vigorous heat
evolution) and completed by transferring the reaction flash to a 
reflux condensor and stirring and heating the mixture at 35° for 
1.5 hours. An injection of 1 ml 1-octanol was made for use as an 
internal standard, the reaction mixture decanted into a separatory 
funnel, and the aqueous layer discarded. The THF layer was washed 
with a saturated sodium chloride solution ( 2 x 30 ml) and dried 
over potassium carbonate. A glpc analysis of the mixture showed a 
95 percent yield of propionaldehyde. The reaction was repeated by
carbonylating at 0° C.
Carbonylation of B-Alkyl-
9-BBN Moieties in the 
Presence of Lithium 
Triethylborohydride,
Oxidation to the Homologated 
Aldehyde
The preparation of heptaldehyde from B-hexyl-9-BBN is 
representative of the procedure used. To a dry 200 ml reaction
2
flask fitted with stirrer, septum inlet, and attached to a Brown 
carbonylator under dry nitrogen were added 1.25 ml (10 mmoles) 
•1-hexene, five ml dry detrahydrofuran, and 15.2 ml (.66M) 9-BBN/
THF. The reaction mixture was stirred 1.5 hours at 25° to complete
38
hydroboration.
The reaction flask was cooled to -23° and, with no stirring 
in the reaction flask (E) (see Figure V), the system was flushed 
with carbon monoxide by adding about 2 ml formic acid from Buret A 
to concentrated sulfuric acid (90° to 100°) in Flask C. Pressure 
in the system was adjusted by withdrawing gas via syringe from 
any part of the system (usually Flask E) until the mercury in 
Bubbler F was leveled. Carbon monoxide uptake was then initiated 
with vigorous stirring in Flask E and the slow dropwise addition 
of 9.0 ml (1.15M) lithium triethylborohydride. Addition time was 
30 minutes, with CO uptake following, and being complete 15 minutes 
after last hydride addition. The mixture was prepared for oxi­
dation by placing the reaction flask into an ice bath and adding 
20 ml, 2.5M K^HPO^ salt solution. Oxidation was completed by
adding 10 ml 30 percent hydrogen peroxide over about 10 minutes, 
then heating the mixture to 40° to 55° and stirring for 1.5 hours.
At this time, about 10 mmoles (.898g) 1-octanol was injected as an 
internal standard. Work-up was completed by transferring the 
reaction mixture to a separatory funnel, discarding the aqueous 
layer, washing the tetrahydrofuran layer with saturated sodium 
chloride solution (2 x 30 ml portions), and drying the solution 
over potassium carbonate. Analysis, via glpc, showed that a 78 per­
cent yield heptaldehyde had been achieved.
If the reaction mixture was not 10 mmoles in size, longer
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hydride addition times were used. A 50 mmole reaction required a 
60-minute addition time.
18If the olefin of choice was not a primary one, hydro­
boration times were longer, requiring 12 hours of stirring at 25° 
or two hours of reflux.
If propionaldehyde yields were of interest, the reaction 
flask was placed under a reflux condensor prior to oxidative heating. 
Since propionaldehyde boils at 46° to50°, it can escape if this is 
not done.
Stoichiometric and temperature studies were done in the 
same manner with conditions and reactant quantities being varied 
as shown on Tables IV and V.
Carbonylation of Trihexylborane 
in the Presence of Lithium 
Triethylborohydride
To a dry flask fitted with stirrer, septum inlet, and 
attached to a Brown carbonylator under dry nitrogen were added 
15 ml dry THF and 3.75 ml (30 mmoles) 1-hexene. The flask is placed 
in an ice bath and 10 mmoles (5.6 ml, 1.80M) borane in tetrahydro­
furan were added over 10 minutes. The mixture was stirred at 25° 
for three hours to complete hydroboration.
The reaction mixture was carbonylated in situ at 0°, as 
previously stated. Oxidation, work-up, and analysis procedures were 
also the same. A yield of 31 percent heptaldehyde was affected.
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Analysis of Reaction 
Mixtures Via Gas Liquid 
Phase Chromatography
Quantitative reaction product analyses were accomplished by 
using known amounts of 1-octanol, injected into the reaction 
mixtures, as internal standards. A Hewlett Packard 5750 Research 
Chromatograph with a 1/4" 6f 15% Carbowax 1540 on Chromasorb W 
analytical column was used for this purpose.
Standard solutions of 1-octanol, tetrahydrofuran and the 
aldehyde (if available) and/or the corresponding alcohol 
(heptaldehyde/hexanol) were employed to obtain correction factors,
Y , for specific columns and conditions. These accounted for dif­
ferent retention and thermal conductivity characteristics of these
4
compounds versus 1-octanol, and were obtained by the following 
equation:
Y _ area unknown/mole unknown_____
x area 1-octanol/mole 1-octanol
the areas being obtained from the peaks for a specific glpc run.
If the aldehyde, itself, was available, this was all that was
necessary to get product yields for the reactions.
Yield x (mmoles) = Y  (a^ea. x)  (mmoles 1-octanol)
x i octanox;
If, however,the aldehyde was not available, a correction 
factor was obtained by calculating it from its corresponding alcohol, 
easily obtained or synthesized, and the ratio of the correction 
factors of heptaldehyde and hexanol for the specific column and
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conditions of interest. For example,
ych3ch2cho ” (ych3ch2oh^ heptaldehyde
Yhexanol
Thus, correction factors for all compounds of interest in the 
reaction mixtures could be obtained.
No correction factors are listed because it was observed 
that, for some columns, they change with time and conditions 
employed. Therefore, they were calculated periodically to ensure 
accuracy.
Synthesis of Corresponding 
Alcohols for Homologated 
Aldehydes
The corresponding alcohols for the homologated aldehydes 
were produced by hydroborating the starting olefin employed in the 
aldehyde synthesis (2-norbornylene, 2-norbornanecarboxaldehyde)
with borane in tetrahydrofuran. The following synthesis of
2-norborneol is representative:
To a dry 100 ml flask fitted with septum inlet, reflux 
eondensor and stirrer were added 30 mmoles (2.82g) 2-norbornylene 
and 15 ml tetrahydrofuran. After sealing the system under dry 
nitrogen and placing the reaction flask into an ice bath, 10 mmoles 
(5.6 ml, 1.80M) borane in THF was added over 10 minutes. The 
mixture was stirred at 25° for five hours to complete hydroboration. 
Oxidation was carried out at 5° by slowly adding 18 ml three normal
sodium hydroxide and the, over five minutes, 18 ml 30 percent hydro- 
genperoxide. The mixture was stirred and refluxed for 1.5 hours. 
After transferring the reaction mixture to a separatory funnel, the 
aqueous layer was discarded and the tetrahydrofuran layer was 
washed with two 25 ml portions of saturated sodium chloride solution 
and dried over potassium carbonate. After removal of the tetra­
hydrofuran on a rotary evaporator, analytically pure alcohol was 
obtained.
Test of Propionaldehyde 
Solubility in Oxidation 
Solution
To a 50 ml flask fitted with reflux condensor, mercury 
bubbler and stirrer were added 1 ml propionaldehyde, 1 ml 1-octanol, 
and 20 ml tetrahydro furan. A glpc reaction trace of this mixture 
was taken. At this time, 20 ml, 2.5M K^HPO^ salt solution and 10 ml
30 percent hydrogen peroxide were added to the solution. The mixture 
was stirred at 35° to 40° for two hours. After working up the 
mixture as a 10 mmole reaction mixture, another glpc was taken. By 
comparing the relative area ratios of propionaldehyde to 1-octanol 
in each trace, a 20 percent loss of propionaldehyde was seen.
CHAPTER III
THE CARBONYLATION OF B-ALKYL-9-BBN INTERMEDIATES 
IN THE PRESENCE OF LITHIUM TRIETHYLBOROHYDRIDE,
ATTEMPTED ISOLATION OF HOMOLOGATED ALDEHYDES
Introduction
Because it was hoped that this aldehyde synthesis would 
develop into a major synthetic reaction, a means of isolating the 
aldehyde from the reaction mixture was now needed. Because alde­
hydes are very unstable, the procedure had to be mild and, if the 
procedure was to be viable, it had to allow regeneration of the 
aldehydes in high yields.
12 .Coleman, at Purdue University, investigated various systems 
to accomplish this for aldehydes produced in the lithium trimethoxy- 
aluminohydride system. Early attempts with steam distillation had 
yielded only *30- to 60-percent yields of aldehydes and these were 
contaminated with significant amounts of the corresponding alcohols 
present in the reaction mixtures. Column chromatography, while 
yielding analytically pure samples of aldehyde, was discarded as 
a technique because of the excessive amounts of time needed to 
purify very small samples. The technique finally adopted by Coleman 
was the formation of sodium bisulfite addition compounds.
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RCHO + NaHSO^Y — RCH(OH)SO^Na 
I
He found that the adduct (I) could be formed in approximately one 
hour and that its formation was quite independent of aldehyde struc­
ture. Nearly quantitative yields were obtained. The only charac­
teristic of the adduct which depended upon the aldehyde structure, 
and which was important in the isolation procedure, was adduct 
solubility in the salt-saturated generation system. If the aldehyde 
was greater than five carbons in size, the adduct was found to be 
crystalline. If, however, the aldehyde was five carbons or less, 
the adduct was soluble in the saturated bisulfite layer. If a
solid adduct was formed, it was purified and aldehyde regeneration
19effected by using a technique developed by J. W. Cornforth. In 
this procedure, the solid adduct is mixed with a salt-saturated 
aqueous solution in the presence of formaldehyde and an appropriate 
solvent. The procedure utilizes the formaldehyde to force the 
bisulfite-homologated aldehyde adduct in the direction of the free 
aldehyde. Because the formaldehyde adduct is the more easily 
formed and the more soluble in the aqueous layer, the homologated 
aldehyde is regenerated and is dissolved in the pure organic layer.
For the aldehydes of less than six carbons in size, however, 
the aldehyde-bisulfit;e adduct (I) was not a solid. Therefore, an
RCH(0H)S03Na yl.-I*NaHSO + RCHO
1 + HCHO
HCH(OH)SO^Na
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aqueous regeneration procedure was developed in which the saturated 
generation layer was washed with ether and then subjected to the 
formaldehyde regeneration technique. By utilizing either of these 
two methods, analytically pure aldehydes were found to be regenerated 
in 75- to 90-percent yields.
The first attempts to isolate and purify the aldehydes 
produced in the reaction mixtures were concerned with simple 
distillation of the mixtures at atmospheric or reduced pressures.
All of these attempts resulted in only very crude separations and 
seemed to destroy most of the aldehyde which glpc analyses had shown 
to be present in the mixtures. Therefore, it was decided to adopt 
the bisulfite separation as the technique of choice. As shall be 
seen, the success with the lithium triethylborohydride carbonylation 
system was not nearly as spectacular as that achieved with the 
lithium trimethoxyaluminohydride and lithium tri-t-butoxyalumino- 
hydride systems.
Results
Attempted Fractional 
Distillation of Homologated 
Aldehydes from Reaction 
Mixtures
B-hexyl, B-cyclohexyl, and B-norbornyl-9-Borabicyclo[3.3.1]- 
nonane intermediates were carbonylated in the presence of lithium 
triethylborohydride. After oxidation using a pH 9.5 phosphate salt 
solution and hydrogen peroxide, the mixtures were worked up in the
usual manner. The resulting tetrahydrofuran layers were partially 
evaporated on a rotary evaporator and the remaining liquid distilled 
at reduced pressures using a small heated fractionating column.
The pot liquid turned black and resembled a tar in all three systems 
and glpc analysis of the distillate fractions showed that only 
trace amounts of aldehyde were present.
Generation of Bisulfite 
Adducts of Various Aldehydes 
From Standard Solutions
Separate tetrahydrofuran solutions containing 30 mmoles of 
valeraldehyde, heptaldehyde, and propionaldehyde, with total 
volumes approximating a reaction mixture were prepared. Bisulfite 
adducts were effected by adding 40 ml of saturated sodium bisulfite 
solution (about 250 mmoles) to each flask and stirring the resulting 
mixture. The propionaldehyde, which formed no solid bisulfite 
adduct, was regenerated by washing the aqueous layer with ether and 
saturating it with magnesium sulfate, then stirring the solution 
with formaldehyde and pentane. The valeraldehyde and heptaldehyde, 
which did form solid adducts, were regenerated by stirring the 
adducts in a flask containing saturated magnesium sulfate solution, 
pentane, and formaldehyde. Valeraldehyde and heptaldehyde were 
regenerated in 85- to 90-percent yields (glpc of organic regeneration 
layer) while propionaldehyde was found in 80-to 85-percent yield.
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Isolation of Aldehydes from 
Reaction Mixtures Using 
Saturated Sodium Bisulfite 
in Large Excess
Reaction mixtures of B-alkyl-9-BBN intermediates derived 
from the following olefins were carbonylated, oxidized, and worked 
up in the usual manner: 1-hexene, cyclohexene, cis-4-methyl-2-
pentene, and norbornylene. Glpc analysis of these reaction mix­
tures, ranging from 30 to 50 mmoles insize, showed that signifi­
cant aldehyde production had taken place. However, upon adding a 
large excess of saturated bisulfite solution, solid bisulfite 
adduct formation took place only in the 1-hexene and cyclohexene 
systems. And, in each case, yields of aldehyde ranged only from 
20 to 30 percent (from glpc analysis of aldehyde produced).
Work-up of aqueous bisulfite layers produced no aldehyde generation 
in any system. The aldehydes which were regenerated, however, were 
90 to 95 percent pure by glpc analysis.
Procedures were tried to force solid bisulfite adduct 
formation by cooling the generation layer after stirring, by Varying 
tetrahydrofuran reaction mixture and saturated sodium bisulfite 
layer size. While good yields of aldehyde from standard mixtures 
were always produced using these procedures (80 to 90 percent), 
equally poor ,yields, 20 to 30 percent, were obtained when the methods 
were tried on a heptaldehyde reaction mixture.
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Isolation of Bisulfite 
Adducts Using a Two-Fold 
Excess of Sodium Bisulfite
Carbonylated reaction mixtures which produced.aldehydes 
derived from 1-hexene, cyclohexene, cis-4-methyl-2-pentene, and
10-methyl-undecenoate (see Chapter VI) were worked up in the usual 
manner. Immediately after work-up, they were stirred with about 
10 ml of saturated sodium bisulfite solution containing a two-fold 
excess of bisulfite (30 mmole-reaction, 60 mmoles bisulfite).
Although weights of dried bisulfite adduct for three of the systems 
were often obtained which indicated a good yield, regeneration of 
aldehyde again resulted in 20 to 30 percent yields. In the case of 
cis-4-methyl-2-pentene, no adduct formation (solid or aqueous) or 
regeneration was accomplished.
Like yields (20 to 30 percent) were obtained for the 
carbonylation of lithium triethylborohydride, to form propionaldehyde, 
when the reaction mixtures were run through the aqueous regeneration 
procedure.
Attempted Bisulfite Regeneration 
of Heptaldehyde from a Standard 
Mixture Which Had Been Subjected 
to Usual Oxidative Conditions
A standard mixture was prepared which contained 30 mmoles 
heptaldehyde, all of the alcohols present in a carbonylation reaction 
mixture to produce this aldehyde, propionaldehyde and boric acid.
All were present in amounts approximating a reaction mixture. The
49
reaction mixture was heated in the presence of pH 9.5 phosphate 
buffer and hydrogen peroxide. After usual reaction mixture work-up, 
attempted generation of,aldehyde-bisulfite adduct by stirring over­
night yielded no crystals. The addition, at this time, of more 
heptaldehyde and additional bisulfite, did yield some crystals.
Upon formaldehyde regeneration of these crystals, enough heptal­
dehyde was regenerated to account for that added after overnight 
stirring had been completed.
Discussion
As the results indicate, direct distillation of the alde­
hydes from the reaction mixtures was not a viable procedure for 
aldehyde separation. Therefore, it was decided to pursue the use 
of the aforementioned sodium bisulfite adduct formation and 
formaldehyde regeneration procedure.
Initial work using standard aldehyde solutions and large 
excesses of saturated aqueous sodium bisulfite solution to generate 
the adduct.s and formaldehyde to regenerate the aldehydes was very 
encouraging. A solid adduct was achieved for valeraldehyde (C<.)
12as opposed to the soluble adduct achieved by Coleman. All 
regeneration yields were in the 80- to 90-percent range for both 
solid and liquid adduct formations. However, as soon as the pro­
cedure was used on reaction mixtures obtained from the carbonylation 
of B-alkyl-9-BBN intermediates in the presence of lithium triethyl­
borohydride, little or no adduct could be regenerated. Conditions
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of the bisulfite adduct formation were explored by varying stirring 
time, reaction mixture tetrahydrofuran layer size, cooling of the 
generation flask to force crystal formation, and amount of 
saturated sodium bisulfite solution added. None of these condition 
changes produced aldehyde yields of greater than 20 to 30 percent. 
This is a puzzle— one for which there is still no answer.
The real anomaly in the results is that the system does not
appear to be essentially different in composition than the lithium
trimethoxyaluminohydride and lithium tritertiarybutoxyaluminohydride
systems for which this procedure had worked beautifully. The only
apparent differences are a higher pH (9.5 as opposed to 7) oxidation
system and the presence of higher concentrations of boric acid
(with the corresponding absence of aluminum hydroxide) resulting
from the oxidation of the triethylborane in the metal hydride. The
presence of various alcohols, oxidative heating temperatures, and,
12because tests showed bisulfite adduct formation to be independent 
of aldehyde concentration, concentrations of aldehyde are either 
present in all systems or should not affect bisulfite adduct 
formation.
The presence of slightly larger amounts of boric acid does 
present an interesting possibility for speculation, however.
Because it has been shown that aldehyde definitely is produced in 
the carbonylation of B-alkyl-9-BBN intermediates in the presence 
of lithium triethylborohydride (via glpc analysis), it would appear 
that the aldehydes could have been present in the reaction mixtures
in some form which would show up as the free aldehyde on glpc 
analysis but a form which would not allow bisulfite adduct formation. 
Because the formation of the bisulfite-aldehyde adduct is a very 
mild procedure, this would fit the data which has been obtained.
One such form for the aldehyde might be the formation of the 
trimer.
This is a well-known reaction which has been shown to occur for low
molecular weight aldehydes in the presence of.low concentrations of
20acid at low temperatures. These trimers are easily broken down 
to the free aldehyde in the presence of excess acid or heat. Thus, 
in this system, the boric acid (a good Lewis Acid) could promote 
formation of the trimer at low temperatures (stirring at 25° or 
40°to 55° during oxidation) and then the trimer could be broken down 
to the free aldehyde by the high injection port temperature (250°) 
of the glpc. Also, the bisulfite may not be strong enough a reagent 
to break up this trimer and, thus, give poor aldehyde regeneration. 
However, whatever the reason, the system needs further investigation.
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Materials
Formaldehyde, Fisher Scientific, was used directly as a 
37 percent solution in methanol water.
Sodium bisulfite, Fisher Scientific, was used directly. 
Heptaldehyde, propionaldehyde, and valeraldehyde, all 
Eastman, were used directly.
Magnesium Sulfate, Baker Chemical, anhydrous powder, was 
used without further purification.
*
All other materials in this chapter have been discussed 
previously.
I .
Isolation of Aldehydes From 
Carbonylation Reaction Mixtures 
Using Their Sodium Bisulfite 
Adducts Procedure When A Solid 
Is Formed
The following procedure describing the conversion of cyclo­
hexene to cyclohexanecarboxaldehyde is typical. A tetrahydrofuran 
solution of 30 mmoles B-cyclohexyl-9-BBN was carbonylated at -23° 
in the usual manner using 30 mmoles lithium triethylborohydride. 
There were 30 mmoles of carbon monoxide absorbed fifteen minutes 
after last hydride addition. The solution was placed in an ice 
bath and 60 ml, 2.5M K^HPO^ (pH 9.5) salt solution was added. Then,
30 ml 30 percent hydrogen peroxide was slowly added over 15 minutes 
and the reaction mixture heated at about 45° for two hours with
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vigorous stirring to ensure complete oxidation.
The tetrahydrofuran layer was separated and washed with
2 x 45 ml portions of saturated sodium chloride solution. It was 
immediately placed into a flask with 10 ml saturated sodium bisul­
fite solution (containing 7g, 70 mmoles bisulfite) and the mixture 
stirred overnight. Crystal formation was effected after one-hour 
stirring. The crystals were filtered on a buchner funnel. Cooling 
of the filtrate in an ice bath and washing it with saturated salt 
solution, provided no more crystal formation. The crystals were 
washed with 4 x 25 ml portions of pentane and air dried. The dried 
crystals, weighing 5.2g, were placed into a flask with 40 ml pentane,
3 ml (36 mmoles) 37 percent formaldehyde solution, and 30 ml saturated 
magnesium sulfate solution. The mixture was stirred for one hour 
(the crystals were seen to dissolve after 15 minutes). The mixture 
was decanted•into a separatory funnel and the aqueous layer separated. 
It was stirred with an additional 5 ml 37 percent formaldehyde 
solution and 20 ml pentane. Upon glpc analysis, no more aldehyde 
regeneration was seen. The initial pentane layer was dried over 
anhydrous magnesium sulfate and filtered into a weighted 50 ml 
flask. The pentane was stripped off on a rotary evaporator. The 
residue, weighing .7g, was analyzed via glpc and shown to be cyclo- 
hexatieearboxaldehyde in greater than 95 percent purity, being con­
taminated with trace amounts of alcohol. The aldehyde was prepared 
via glpc and analyzed via N.M.R. spectroscopy (see Figure II).
Note: When additional portions of the aldehyde were
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analyzed after two weeks of exposure to the atmosphere, it was 
found that it had been almost quantitatively oxidized to cyclo- 
hexanecarboxylic acid. (See N.M.R., Figure VI.)
Initial procedures with reaction mixtures and standards
*
to achieve bisulfite adduct formation from large excesses of 
saturated sodium bisulfite solutions were carried out in the same 
manner except that larger amounts of saturated solutions were added 
(for a 30-mmole reaction, 45 ml solution).
Procedure When No Solid 
Bisulfite Adduct is 
Formed
There were 20 mmoles of lithium triethylborohydride, as a 
,5M solution in tetrahydrofuran, carbonylated, oxidized, and worked 
up in the usual manner. Glpc analysis showed a 75 percent recoverable 
yield of propionaldehyde to be present. The resulting tetrahydro­
furan solution was decanted into 30 ml (containing 19g sodium 
bisulfite) saturated bisulfite solution and stirred for one hour.
It was allowed to stand overnight. Some crystal formation was seen 
at the mixture interface. The mixture was decanted into a separatory 
funnel and the crystals dissolved in a minimum amount of water. The 
aqueous layer was separated. The tetrahydrofuran layer was washed 
with about 15 ml water to ensure removal of all propionaldehyde- 
bisulfite adduct. After combination, the aqueous layers were placed 
into a separatory funnel and washed with 2 x 10 ml portions of 
ether. The aqueous layer was then placed into a flask and saturated
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with sodium chloride. After the addition of 20 ml 37 percent formal­
dehyde solution and 50 ml pentane, the solution was stirred for 1.5 
hours. After separation, the layer was dried over magnesium sulfate. 
Glpc analysis showed about a 30 percent yield of propionaldehyde 
had been effected. Distillation of the layer yielded only pentane 
fractions with very slight propionaldehyde concentration.
An attempt to generate propionaldehyde into diglyme, a 
higher boiling solvent from which the aldehyde could be more easily 
distilled, showed only about 20 percent propionaldehyde regeneration. 
No distillation was attempted.
Aqueous regeneration layers saturated with magnesium sulfate 
instead of sodium chloride yielded like results.
Attempted Bisulfite Regneration 
of Heptaldehyde Standard 
After Oxidative Heating
To a dry 50 ml flask were added: 3.5g (30 mmoles) heptalde­
hyde, 105 ml tetrahydrofuran, .25 ml butanol, 4.6g (100 mmoles) 
ethanol, .3g (3 mmoles) hexanol, .15g (3 mmoles) propionaldehyde, •
70 ml 2.5M K^HPO^ salt solution, 10 ml 30 percent hydrogen peroxide,
and 3.6g (60 mmoles) boric acid. The mixture was stirred and heated 
at 50° C for two hours. After cooling and separation, the tetra­
hydrofuran layer was washed with 2 x 50 ml portions of saturated 
salt solution and added to Mg sodium bisulfite in 13 ml water. The 
mixture was stirred overnight. No crystals formed. The mixture 
was divided in half. To one half was added 15 mmoles heptaldehyde
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and 2g NaHSO^. After stirring one hour and cooling, crystals that 
formed were washed with pentane, air dried, and placed into a flask 
with 20 ml pentane, 15 ml saturated magnesium sulfate solution, 
and 3 ml 37 percent formaldehyde solution. After stirring for two 
hours, the pentane layer was separated and dried over anhydrous 
magnesium sulfate. About 1 ml (,98g) 1-octanol was added as an 
internal standard. Glpc analysis showed only a regeneration of 
15 mmoles heptaldehyde. The other half of the reaction mixture was 
separated and the tetrahydrofuran layer was washed with 20 ml. 
saturated salt solution. Upon vigorous shaking, some crystal for­
mation was seen. The crystals were filtered on a buchner funnel 
and, after air drying, the crystals were regenerated in the afore­
mentioned manner. About 1 ml (1.36g) 1-octanol was added as an 
internal standard; Glpc analysis showed that five mmoles (33 per­
cent) heptaldehyde had been regenerated.
CHAPTER IV
THE CARBONYLATION OF B-ALKYL-9-BBN DERIVATIVES IN THE 
PRESENCE OF LITHIUM TRIETHYLBORODEUTERIDE. 
OXIDATION TO THE HOMOLOGATED D -ALDEHYDES
• Introduction
The uses of deuterated aldehydes, especially those deuterated 
on the carbonyl carbon (d^-aldehydes) are many and varied. Not only
are they useful for studies concerning reactions which the alde­
hyde may undergo, but also reactions which compounds derived from 
the aldehyde may undergo. For example, Althouse^ in 1966 used 
d^-butyraldehyde and d^-benzaldehyde to study the stereoselectivity
of the reduction of aldehydes to alcohols in an enzyme system.
C H CDQ •-AD? *D?-N----5- C H -C*-D6 6 Actively 6 6 |
Fermenting OH
Yeast
If aldehydes without deuterium at the C^ position had been used, the
final product would not have been optically active and analysis of
the stereospecificity of the reaction would not have been possible.
22Schiavelli at the College of William and Mary proposes to use 
d^-propionaldehyde as a precursor to an allene which will then be
used in kinetic solvolysis rate studies.
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RCDO + LiC = CH • NH.CH.CH.NH. — ► R-C-C =■ CH
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R Br
HB,. CuBr, Cu° , \  _ _ /
NH Br /  \
D H
By comparing solvolysis rates of the allene derived from propion­
aldehyde and the one derived from d^-propionaldehyde, information
23
about the mechanism may be obtained. In 1970, Meyerson prepared 
aliphatic d^-aldehydes for use in mass spectroscopy studies. By
comparison of the spectra of a d^-aldehyde with the corresponding
aldehyde, information was obtained which helped to identify a path­
way which led to certain observed fragments. Additionally,
d^-aldehydes or compounds derived from them may be used for studying
primary and secondary isotope effects and for simplification or 
clarification of nuclear magnetic resononce spectra by possible peak 
elimination or integration change. Thus, the uses erf d^-aldehydes
are indeed varied, and valuable information may be gained through 
their use.
There are some drawbacks to their use, however. These 
deal not with the compounds directly, but with their availability 
and cost. In a survey of several catalogs of major suppliers of 
isotopically labeled compounds, only two d^-aldehydes (d^-benz-
aldehyde and d^acetaldehyde) were found to be available. The cost
of either was in the vicinity of $40.00 per gram. This limited 
availability and high cost seemed to stem from two factors— the 
difficulty in finding a reaction pathway applicable to a wide 
variety of d^-aldehydes which give high yields, and high isotopic
purity (deuterium incorporation); and the cost of the deuterated 
reagents needed in these syntheses.
In a survey of the literature, it seemed that most of the 
early work on the preparation of d^-aldehydes was concentrated on
d^-benzaldehyde and other aromatic aldehydes. This is probably
because of the interest in the substituent effects of the adjacent
aromatic ring in reaction mechanisms. Also, it seemed that while
24there were a host of preparations for specific d^-aldehydes
(most involving d^-benzaldehyde), there were very few syntheses with
wide applicability. One that possessed this, however, was developed
25by Seebach at Harvard University in 1966. Involving 1,3-dithiane 
in the formation of a six-membeted ring, this procedure exchanged 
the proton of an aldehyde with a deuterium atom.
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Benzaldehyde-l-d was obtained in 92 percent yield with 99+ percent 
deuterium incorporation. Aliphatic d^-aldehydes can also be pre­
pared by this procedure.
Meyers, et al., at Louisiana State University, developed a 
versatile synthesis by using dihydro-1,3-oxazines.
q n-C^HgLi /  Vs NaBD
X  RX CH
CH„RCH ' ^CH2R
5 0
x m !!-c h2r
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By using various modifications, a,3 unsaturated d^aldehydes ,
d^-carboxaldehyde derivatives of cyclopropane, cyclobutane, and
27 28 28cyclopentane, d^-aliphatic and d^-aromatic aldehydes have
been obtained. Recovered yields for most compounds range around
60 percent with 99+ percent deuterium incorporation.
In 1972, at the University of Paris, Fetizon achieved
29another very versatile synthesis.
° LiAlD, Ag CO
R-C-OCH3  R-CD20H — -— ^  RCDO
Utilizing the reduction of a methylester with lithium aluminum 
deuteride to the corresponding di-deuterated alcohol and subsequent 
oxidation to the d^-aldehyde with silver carbonate on celite, one
of. the restrictions on the system is that there are no exchangable 
hydrogens present. Most of the d^-aldehydes prepared by this sytem
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were derivatives of benzene, pyridine, and some steroid skeletons.
The system should lend itself, also, to the preparation of 
d^-aliphatic aldehydes. Recovered yields are in the 75- to 90-percent
range and deuterium incorporation is about 80 percent.
Each of these systems does have some drawbacks, however.
26 27 28Meyer * ’ dihydro-1,3-oxazine intermediates were formed through
the use of nr-butyllithium. Thus, the presence of functional groups 
which can be reduced by this reagent (such as, ester, ketone, 
et cetera) on the alkylhalide which becomes the d^-aldehyde may not
25be able to be accommodated. Seebachfs dithiane-intermediate
procedure also utilizes butyllithium and may have the same problem
with functional groups on the initial aldehyde that is utilized.
29Fetizonfs synthesis is unable to accommodate any functional 
groups which can be reduced by sodium borodeuteride or lithium 
aluminodeuteride and only achieves deuterium incorporation of about 
80 percent. It was hoped that a procedure could be developed which 
would overcome some of these shortcomings.
It was, therefore, hoped that the carbonylation reaction of 
B-alkyl-9-BBN derivatives in the presence of lithium triethylboro- 
deuteride, formed from lithium deuteride and triethylborane, could 
be added to the list of widely applicable d^-aldehyde syntheses.
In the mechanism adapted from that proposed by Hillmanf * ^  the 
hydride of the metal hydride reducing agent in the carbonylation 
gystem specifically should become the proton of the homologated
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aldehyde. Thus, if a deuterium atom was substituted for the hydrogen 
on the metal hydride reducing agent, the preparation of homologated 
d^-aldehydes should be effected in the carbonylation system. Also,
it was hoped that the d^-aldehydes would be prepared in yields
comparable to the aldehydes prepared from lithium triethylborohydride 
(see Table III).
The main assets which the reaction would possess would be 
ease of synthesis, basically a four-step (including isolation) pro­
cedure and conservation of deuterium. The second factor is 
extremely important when the cost of d^-aldehydes is being deter­
mined. While the aforementioned procedures are indeed good ones, 
when reducing agents, such as, NaBD^ and LiAlD^ and a hydrolysis
agent, such as, D20 are utilized, some deuterium which is placed
into the system will not be incorporated in d^-aldehyde at the end
of the synthesis. However, in the proposed reaction,
• TH F
LiD + ( CH3 CH2 ) 3B ---- > Li ( CH3 CH2 ) 3BD
VI
0 (CH3CH2)3Li+
VI + CO  > RCDO
there is a 1:1 correspondence between deuterium used to form the 
deuteride reducing agent to deuterium incorporated in the 
d^-aldehyde, the only limiting factor being reaction yield. It was,
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therefore, hoped that this procedure could be developed into a 
viable synthetic pathway for the preparation of d^-aldehydes.
Results
Carbonylation of B-Alky1-9- 
BBN Derivatives in the 
Presence of Lithium 
Triethylborodeuteride 
Production of d^-Aldehydes
1-Hexene, cyclohexene, and 10-methylundecenoate (see 
Chapter VI) were hydroborated in tetrahydrofuran in the presence 
of 9-BBN. The resulting B-alkyl-9-BBN derivatives were carbonylated 
at -23° (the methylester derivative at — 54°) in the presence of 
lithium triethylborodeuteride. Carbon monoxide uptake was quanti­
tative in all cases. The reaction mixtures were oxidized in a 
pH 9.5 phosphate salt solution and hydrogen peroxide system and 
worked up in the usual manner. Glpc analyses are summarized in 
Table VI.
The resulting aldehydes were isolated via the sodium bisul­
fite separation procedure. Glpc analysis of the aldehydes showed 
them to be present in at least 95 percent purity.
After purification via preparatory glpc, infrared and nuclear 
magnetic resonance spectra were taken of the aldehydes . I.R. , 
analysis showed the predicted shift for exchange of the C, proton 
with a deuterium atom (see Figures VII, IX), while N.M.R. analysis 
Showed the deuterium incorporation to be 98 percent in the
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d^-cyclohexylcarboxaldehyde (see Figure X) and 100 percent in the 
other two aldehydes (see Figures VIII, XI).
Discussion
The results presented in Table VI indicate that the
carbonylation of B-alkyl-9-BBN derivatives in the presence of
lithium triethylborodeuteride gives yields comparable to those
obtained for the corresponding reaction with lithium triethylboro-
hydride (see Table III). It also appears that the mechanism adapted 
6 12 31from Hillman's * * mechanism properly places the hydride (deuteride)
from the metal hydride (deuteride) employed as a trapping agent 
because N.M.R. spectra of the d^-aldehydes confirmed incorporation
of deuterium at the carbon. Thus, in the cases of d^-heptaldehyde,
d^-cyclohexanecarboxaldehyde, and d^-ll-carboxymethylundecanal, the
expected resonance about 9.5 ppm for an aldehydic proton (see
Figures II, IV, XII) are either nonexistant or drastically reduced
in size (see Figures VIII, X, XI). Calculations of percent deuterium
incorporation are presented in Table VI. I.R. spectra also confirmed
30
deuterium incorporation at the carbon. Theory predicts that,
because the mass of deuterium is greater than that of hydrogen, to 
a first approximation, this should lower the stretching frequency 
absorption for the bond. Also, assuming the force constants for the 
bond are equal, this lowering should be on the order of i v r  cm \  
Therefore, when an aldehydic proton which has a stretching frequency
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of about 2800 cm  ^ (see Figures I, III, XII) is replaced by a 
deuterium atom, the stretching frequency should be shifted to about
2060 cm Indeed this is seen for d^-heptaldehyde and d^-cyclohexane-
carboxaldehyde produced in the synthesis (see Figures VII, IX).
These results also indicate not oniy that there is 
deuterium incorporation at the carbon of the aldehydes but also
that there is no deuterium-hydrogen exchange during bisulfite 
separation.
0Na+
RCDO + NaHSO ^ RH^SO,.
j | 3
D
Prior to these tests, concern existed that some exchange could take 
place during bisulfite adduct formation and regeneration. However, 
it now appears that no such exchange occurs. Indeed, this is 
another reason to perfect the bisulfite isolation and purification 
procedure. The only thing that seems to be preventing the 
earbonylation of B-alkyl-9-BBN derivatives in the presence of * 
lithium aluminum deuteride from becoming a major d^-aldehyde syn­
thesis Is the ability to recover formed d^-aldehydes, from reaction
mixtures, in good yields.
Experimental
Materials
\
The reagents used in this study were described in previous
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chapters with the following exceptions:
Lithium Deuteride, Ventron, 98 percent deuterium 
incorporation, was used directly.
Standard solutions of lithium triethylborodeuteride in 
tetrahydrofuran were prepared in the following manner. To a dry 
250 ml flask with stirrer, gas outlet, mercury bubbler, and under 
dry nitrogen was added 200 mmoles (2g) lithium deuteride. To this 
was added 200 mmoles (200 ml of a 1M solution) triethylborane in 
tetrahydrofuran. The solution was stirred at 25° for 12 hours. The 
solution was then filtered and standardized in the same way as 
standard lithium triethylborohydride solutions. Solutions pre­
pared in this manner were generally 1M in deuteride, were clear and 
sparkling in appearance and were stable for long periods of time 
when stored at 25° under dry nitrogen.
The Carbonylation of B-Alkyl- 
9-BBN Derivatives in the 
Presence of Lithium 
Triethylborodeuteride
The following procedure for the production of d^-cyclohexane-
carboxaldehyde from cyclohexene is representative of the procedure
used. To a dry 250 ml flask equipped with stirring bar, septum inlet,
7
and attached to a Brown carbonylator under dry nitrogen were added 
35 mmoles (4.5 ml) 1-hexene, 17 ml dry tetrahydrofuran, and 35 mmoles 
(51.5 ml of a . 68M solution) 9-BBN in tetrahydrofuran. The mixture 
was stirred overnight at 25° to ensure complete hydroboration.
After cooling the reaction flask to -23°, the system was
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flushed with carbon monoxide and carbonylation initiated with the
slow addition, over 40 minutes, of 35 mmoles (36.6 ml of a .96M
solution) lithium triethylborodeuteride in tetrahydrofuran. Carbon
monoxide uptake was complete and quantitative 15 minutes after
last deuteride addition. The reaction mixture was then placed in
an ice bath and oxidized with the addition of 70 ml 2.5M KoHP0,
—  2 4
salt solution and 30 ml 30 percent hydrogen peroxide. After stirring 
and heating the mixture at 50° for 1.5 hours, the organic layer was 
separated and about 30 mmoles (3.458g) 1-octanol was injected as an 
internal glpc standard. After separating the tetrahydrofuran layer, 
it was washed with 2 x 50 ml portions of saturated sodium chloride.
A small sample (5 ml) was taken for glpc analysis and dried over 
anhydrous potassium carbonate. Glpc analysis showed that a 76 per­
cent yield of d^-heptaldehyde had been achieved.
The remainder of the tetrahydrofuran layer was placed into 
a flask and stirred with 11 ml saturated sodium bisulfite solution 
(containing 7g, 70 mmoles sodium bisulfite) and stirred for one 
hour. Crystal formation was seen after 15 minutes in the tetra­
hydrofuran layer. The crystals were filtered on a buchner funnel, 
washed with 4 x 35 ml portions of pentane and air dried. .Cooling 
of the filtrate yielded no additional crystals. The crystals were 
placed into a flask with 35 ml saturated magnesium sulfate solution,
40 ml pentane, 6 ml (72 mmoles formaldehyde) 37 percent formaldehyde 
solution, and stirred for one hour. The mixture was decanted and
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the pentane layer separated and dried over magnesium sulfate. After 
filtering into a weighed 50 ml flask, the pentane layer was removed 
on a rotary evaporator. A glpc showed the .62g of residue to be 
dj-cyclohexylcarboxaldehyde in 95 percent purity. The aldehyde
was then purified* via a glpc preparatory column prior to use for 
N.M.R. and I.R. Spectra. This procedure was also used to prepare 
d^heptaldehyde from 1-hexene, and d^-ll-carboxymethylundecanal
from methyl-10-undecenoate. Percent deuterium incorporation for 
each of these compounds was calculated by using N.M.R. integrations.
0
CHAPTER V
COMPARISON OF THE CARBONYLATION OF B-ALKYL-9-BBN 
DERIVATIVES IN THE PRESENCE OF VARIOUS METAL 
HYDRIDES. A STUDY IN STERIC CONTROL
Introduction 
12 15In 1968, Coleman and Rathke at Purdue University adapted 
the mechanism proposed by Hillman to account for the trapping of a 
carbonylated triorganoborane with a metal hydride reducing agent.
r3b + cov
_+
C(
II
r 3bco
MH
0
R2B(!r MH
OH
I
R.BC +
3 I
H III
OM
I
R_ B—C—R
2 i
H
IV V
It was not known which intermediate, II or IV, the metal hydride 
was reducing and it really did not matter because both led to V, the 
intermediate postulated to be present before oxidation. Coleman 
made an attempt to clarify this mechanism by carbonylating some mixed 
triorganoboranes in the presence of lithium trimethoxyaluminohydride 
and lithium tri-jt-butoxyaluminohydride and presented a theory of 
steric control over alkyl group migration.
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This theory was based on the following postulates. If the 
reaction sequence II> IV, V was assumed to be correct, there would 
be little, if any, control over which alkyl group migrated from 
boron to carbon (II to IV) and a statistical migration of groups 
would be expected. This is because the boron-carbon bond in II is 
a single bond which is free to rotate. Therefore, there would be 
no favored alignment of groups and there would be statistical 
probability for any of the R-groups to migrate from boron to the 
empty p-orbital on carbon. If, however, the sequence II, III, V 
was used, it seemed plausible that the metal hydride would attack 
II in such a manner that III would exist in a conformation that, 
prior to migration, steric interactions would be at a minimum. 
Therefore, only the alkyl group which was in the correct position 
(coplanar with the empty p-orbital on carbon) in this preferred 
conformation could migrate from boron to carbon. Thus, a selective 
alkyl group migration would be obtained. Indeed, this is what was 
found. When the mixed triorganoboranes, dicyclohexyl-n-decylborane 
and disiamyl-n-decylborane were carbonylated in the presence of 
lithium trimethoxyaluminohydride, analysis of the first system 
yielded 65 percent cyclohexanecarboxaldehyde and 35 percent undecanal 
while the second yielded 91 percent 2,3-dimethylbutyraldehyde and 
9 percent undecanal. Also, thexyldidecylborane yielded 100 percent 
undecanal. Thus, comparison of the first two cases reveals that 
increasing the steric size of the alkyl group, with the introduction 
of a beta-methyl branch gave almost exclusive branched group
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migration. In the third, the presence of one large group with two 
smaller ones gave exclusive smaller group migration. To explain 
these results, Coleman postulated the following intermediates for 
the reaction IV to V for the generalized metal hydride, MH.
Viewing axis
A Newman Projection, along the viewing axis, gave the following 
result as a preferred conformation (where steric interactions are 
at a minimum) for the disiamyl system, with two relatively large 
and one small alkyl group.
MO. H
This conformation thus allows for the migration of one of the large 
alkyl groups because it’is the only group which is co-planar with 
the empty p-orbital on carbon. Similarly, for the thexyl-didecyl 
system,
79
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only the smaller alkyl groups are in a position to migrate. For a
B-alkyl-9-BBN derivative such as B-n-decyl-9-BBN, which yields 95 
percent undecanal, the preferred confirmation of the intermediate 
allows only the B-alkyl group to migrate readily.
the more selective would be the migration of the alkyl groups. This
is because in order to keep the steric interactions, increased by
the presence of a more bulky metal hydride, at a minimum, one con­
firmation of III will be even more favored than when a smaller metal
hydride was used. Thus, if the metal hydride is large enough, it
should promote migration of the large alkyl groups.
R
Coleman further proposed that the larger the metal hydride
80
L
MO. _ h
S L
A study conducted using lithium trimethoxyaluminohydride and 
lithium tri-t_-butoxyaluminohydride showed a more selective migration 
in the predicted direction.
If the proposed mechanism is accepted as being correct, it 
is also possible to give a plausible reason for the tremendous rate 
enhancement seen in the carbonylation of trialkylboranes in the
presence of metal hydrides as opposed to carbonylation without
them (45 minues with, one week without for quantitative carbon 
monoxide uptake). By examining the equilibria present in the 
mechanism, it seems apparent that the slow step is the formation of 
the triorganoborane-carbon monoxide adduct (II). As postulated, 
this is the first reversible step in the mechanism. The rate of 
formation of II would then seem to be dependent upon two factors:
1. the ease with which carbon monoxide can add to the 
borane center of the triorganoborane, and
2. the speed with which the metal hydride can then 
react with the intermediate, thus, removing it irreversibly from 
the system and driving the equilibrium toward the formation of II. 
The first factor would seen to be dependent upon the effective
81
steric bulk of the groups around the borane center while the second 
would also be dependent upon this bulk and also upon the effective 
Steric bulk of the metal hydride reducing agent.
This chapter will attempt to explain possible causes, using 
these steric arguments, for the large disparity in yields between 
the lithium triethylborohydride and the lithium trimethoxyalumino- 
hydride and lithium tri-_t-butoxyaluminohydride systems.
Results
Carbonylation of B-Cyclohexyl-
9-BBN in the Presence of 
Lithium Tri-t-butoxyaluminohydride
A 10 mmole solution of B-cyclohexyl-9-BBN was carbonylated 
in the presence of lithium tri-_t-butoxyaluminohydride at -23°.
The stoichiometric, amount of carbon monoxide was absorbed, and the 
resulting solution was oxidized in neutral phosphate buffer using 
hydrogen peroxide and worked up as usual. Glpc analysis showed 
the presence of cyclohexanecarboxaldehyde (66.3 percent) and 
cyclohexanol (10 percent).
In a similar manner, B-2-methylcyclohexyl-9-BBN was 
carbonylated. Glpc analysis showed that 2-methylcyclohexane- 
carboxaldehyde and 2-methylcyclohexanol were produced in low yields, 
in a 1:1 ratio.
In a similar manner, B-2-methylcyclohexyl-9-BBN was 
carbonylated in the presence of a stoichiometric amount of lithium 
triethylborohydride. The solution was oxidized in pH 9.5 phosphate
salt solution, using hydrogen peroxide and worked up as usual. Glpc 
analysis showed the presence of 2-methylcyclohexanecarboxaldehyde 
(15 percent) and 2-methylcyclohexanol (68 percent). These results 
are also presented in Table VII.
Discussion
It is obvious from Table VII that the yields of aldehydes 
produced from the carbonylation of various B-alkyl-9-BBN derivatives 
differed widely depending on what metal hydride reducing agent was 
employed. It may be possible to explain these results by deter­
mining how the equilibrium (I-II), which exists in Hillman’ s Proposed 
mechanism, might be affected by varying B-alkyl group and metal 
hydride reducing agent size.
As can be seen in Table VII, reaction times for both 
lithium trimethoxyaluminohydride and lithium tri-_t-butoxyalumino- 
hydride increase with increased steric bulk of the B-alkyl group of 
the triorganoborane. Thus, it would seem plausible, s'ince reducing
agent and reaction conditions are the same, that it may.be taking
■ ^
longer for the triorganoborane-carbon monoxide (I) complex to form 
as steric size is increased and, also, it may be more difficult for 
the metal hydride to react with the formed complex. While this 
slower reaction rate is not very important to these systems, 
which may have unlimited reaction times (the hydride present can 
react only with the carbonylated organoborane present), it becomes 
extremely important in the case of the lithium triethylborohydride 
system. This system has been shown (see Chapter II) to have a
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TABLE VII. Comparative Reaction Yields for the
Reactions of B-Alkyl-9-BBN Intermediates 
in the Presence of LiEt^BH, LiAl(0-t-Bu)3H,
and LiAl(OCH3>3H.a
Metal
hydride Olefin^
% CO 
uptake
cReaction
time
(minutes)
Relative
ratio**
aldehyde
to
alcohol
produced
LiEt3BH 1-Hexene 100 15 >8:2
LiAl (0-t-Bu)3H 1-Hexene 100 30 9:le
LiAl(OCR )3H 1-Hexene 100 20
<ui—i
ONA
LiEt3BH Cyclohexene 100 15 7:1.5
LiAl(0-t-Bu)3H Cyclohexene 100 45 7:1
LiAl(0CH3)3H Cyclohexene 100 45
<Di—1ONA
LiE't BH 1-Me thylcyclohexene 100 15 1:6
LiAl(0-t-Bu)3H 1-Me thy1cy clphexene 100 120 1:1
LiAl(0CH3)3H 1-MethyIcyclopentene 100 45 >8.5:le
All 10 mmole reactions run at 0° C.
^Olefin corresponding to alkyl group on B-alkyl-9-BBN. 
c
Time from last hydride addition to completion of CO uptake.
^From glpc yields. Ratios calculated from percent homologated 
aldehyde and percent corresponding alcohol produced in reaction.
0
Reference 12.
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limited (15 minutes) carbonylation reaction time because of the 
ability of the metal hydride to react with carbon monoxide itself. 
Therefore, it would seem probable that, as the formation of II 
becomes slower and reaction with it becomes more, difficult, the 
lithium triethylborohydride would react with carbon monoxide more 
quickly than with the intermediate, thus, lowering yields of 
homologated aldehyde. Finally, if the metal hydride does not react 
with II with great efficiency, the equilibrium I-II would not be 
shifted to II nearly as much as in the prior systems and, thus, 
would tend to slow the formation of I, compared to other systems.
These arguments seem to be especially confirmed where the 9-BBN 
derivative is generated from an internal olefin with an alpha methyl 
branch. Not only are the aldehyde to alcohol ratios clearly dif­
ferent for all three systems, but the larger lithium tri-t_-butoxy- 
aluminohydride has a stoichiometric carbonylation time of two 
hours. This can be compared to a 45-minute carbonylation time for 
the smaller lithium trimethoxyaluminumhydride when reacting with a 
similar 9-BBN derivative. It would appear, therefore, that the
c
combination of having a methyl branch beta to the boron atom and 
having a larger hydride reducing agent combine to increase reaction 
time significantly. It also appears that the restriction placed 
on the lithium triethylborohydride system, of not being able to 
accommodate a 9-BBN derivative generated from an internal olefin
if
with alpha branching, can now be explained. This can be done by 
examining apparent trend of longer reaction times for more
85
hindered B-alkyl-9-BBN derivatives.
Other facts which would seem to confirm this steric argument
as a basis for an explanation pf carbonylation reaction times and
yields can be obtained from the carbonylation of trihexylborane.
While near quantitative yields of heptaldehyde are obtained when
this moiety is carbonylated at 0° in the presence of either of the
12two aforementioned lithium aluminum hydride derivatives, carbony­
lation in the presence of lithium triethylborohydride affords only 
a 31 percent yield of heptaldehyde under the same conditions. While 
it possibly may not appear so at first glance, one must consider 
the trihexylborane as having a more hindered boron center than the 
B-hexy 1—9 -^ -BBN.
hexyl hexyl
B
A
hexyl hexyl
This is because the 9-BBN adduct may be pictured as having two alkyl 
groups tied up in a very rigid ring system and one exposed hexyl 
group while the trihexylborane may have three freely moving alkyl 
groups which might more effectively shield the borane center. Thus, 
with its limited carbonylation time, the low yield achieved when 
trihexylborane is carbonylated in the presence of lithium triethyl­
borohydride is not unexpected. Because of this result, no mixed 
trialkylborane studies were attempted with lithium triethylboro­
hydride.
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Experimental
Materials
The reagents used in this study were described in previous 
chapters with the following exceptions:
Methyllithium, Ventron, 1.9M in ether, was used directly.
Cyclohexanone, Eastman, was used without further puri­
fication.
4-Methy1-benzene-sulfonic acid was used without further 
purification.
1-Methyl-cyclohexene was prepared by adding 135 mmoles 
(13.2g) cyclohexanone and 25 ml anhydrous ether to a 500 ml flask 
fitted with stirrer, reflux condensor, mercury bubbler, and under 
dry nitrogen. After placing the flask in an ice bath, 135 mmoles 
methyllithium (71 ml of a 1.9M solution in ether) were added over 
30 minutes. The reaction mixture appeared milky and yellow.
After stirring for 20 minutes at 25°, 40 ml 6N hydrochloric acid 
was slowly added at 5°. The mixture was stirred at 25° for one 
hour. After separation, the ether layer was placed on a rotary 
evaporator and the ether removed. The residue was placed, with 
.5g 4-methyl-benzene-sulfonic acid, into a 50 ml flask equipped with 
stirrer, heated fractionating column, and condensor with collection 
flask. The mixture was distilled at 55mm with the fraction boiling 
from 35° to 45° being collected. Approximately 5 ml of 85 percent 
pure (by glpc analysis) 1-methyl-cyclohexene was obtained.
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Neutral phosphate buffer was prepared by preparing an 
aqueous solution which was 2.5M each in K^HPO^ and NaH^PO^.
Standard solutions of lithium aluminum hydride in 
tetrahydrofuran were prepared by adding an excess of the hydride 
to tetrahydrofuran and stirring for at least four hours. Solutions 
were then filtered, standardized, and stored in the same manner as 
lithium triethylborohydride solutions.
Lithium tri-t^butoxyaluminohydride was prepared by 
adding a tetrahydrofuran solution of jt-butyl alcohol to a stan­
dard solution of lithium aluminum hydride in tetrahydrofuran. The 
resulting solution was clear and colorless. Because standard 
solutions in stoichiometric amounts had been used in the preparation, 
no standardization was done.
The Carbonylation of B- 
Cyclohexyl-9-BBN in the 
Presence of Lithium Tri-t- 
Butoxyaluminohydride
To a dry 250 ml flask equipped with stirrer, septum inlet, 
and attached to a Brown carbonylator under dry nitrogen were added 
5 ml tetrahydrofuran, 1.2 ml (10 mmoles) 1-methyl-cyclohexene, and 
14.0 ml, .71M 9-BBN in tetrahydrofuran. The mixture was stirred and 
heated at 55° for two hours to ensure complete hydroboration. The 
reaction mixture Was then cooled to -23° and the system flushed with 
carbon monoxide. Vigorous stirring was then initiated and 8.7 ml,
1.15M lithium tri-^t-butoxyaluminohydride was added slowly over
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10 minutes with stoichiometric CO uptake occurring 45 minutes after 
last hydride addition. The reaction flask was then placed into an 
ice bath and oxidized with 20 ml neutral phosphate buffer and 5 ml 
30 percent hydrogen peroxide. The solution was heated and stirred 
at 50° for 1.5 hours and worked up in the usual manner. Glpc 
analysis of the reaction mixture showed that a 66.3 percent yield 
of cyclohexanecarboxaldehyde had been effected.
In a similar manner, 1-methyl-cyclohexene was converted into
2-methylcyclohexanecarboxaldehyde. Yield of this reaction is given 
in Table VII.
Carbonylation of B-2- 
Methylcyclohexyl-9-BBN in 
the Presence of Lithium 
Triethylborohydride
The B-2-methylcyclohexyl-9-BBN intermediate (10 mmoles) in 
tetrahydrofuran was prepared as described previously. The reaction 
mixture was cooled to -23° and carbonylation effected by adding 10 
mmoles (10.5 ml of a . 96M solution) lithium triethylborohydride 
over 10 minutes. Carbon monoxide uptake was quantitative 15 minutes 
after last hydride addition. The reaction mixture was oxidized and 
worked up in the usual manner. Glpc analysis showed that a 15.5 
percent yield of 2-methyl-cyclohexanecarboxaldehyde had been 
effected.
CHAPTER VI
POSSIBLE EXTENSIONS OF THE CARBONYLATION OF 
B-ALKYL-9-BBN DERIVATIVES IN THE PRESENCE 
OF LITHIUM TRIETHYLBOROHYDRIDE
Introduction
12Coleman had shown that the carbonylation of functionally 
substituted B-alkyl-9-BBN derivatives could be accomplished in the 
presence of lithium-t-butoxyaluminohydride. A reaction intermediate 
was produced which, upon oxidation, produced the functionally sub­
stituted olefin. This reaction could accommodate methyl esters, 
halides, and nitriles, as well as other substituents which were 
more difficult to reduce. Because it was hoped that the aldehyde 
synthesis which utilized lithium triethylborohydride would indeed be 
a widely applicable one, a preliminary study was undertaken in 
which a few functionally-stubsituted B-alkyl-9-BBN derivatives were 
carbonylated in the presence of this metal hydride. Methyl esters, 
bromides, and acetates, were used as the test functional groups.
Also covered in this chapter are attempts to carbonylate 
triorganoboranes in the presence of lithium hydride. Because 
lithium triethylborohydride reacts with carbon monoxide to produce, 
upon oxidation, propionaldehyde, it was hoped that other lithium 
triorganoborohydride complexes could be formed and carbonylated.
89
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This would eliminate the need for having lithium triethylborohydride 
in the system as a trapping agent.
R3B + LiH Li+R3BH — ^ Li+R~BC = 0
J I 
H
0 Li+
R0B—C—R 
2 I 
H
[0] RCHO
Finally, a route was proposed for the preparation of benz- 
aldehyde and acetaldehyde. Because there seems to be so much 
interest in the d^-derivatives of these two compounds, it was felt
that to call this reaction system a widely applicable one, some 
modification would have to be found to expedite these preparations. 
Since the possibility of hydroborating an olefin to prepare the 
appropriate B-alkyl-9-BBN derivative (alkyl = phenyl or methyl) does 
not exist in either case, the following reaction pathway was pro­
posed:
G>•H + HCl- O - Cl + RLi - G> -R + LiCl
II
0
II + CO + Li(CH3CH2)3BD to] l-t-D
R = <f>, CH.
,12By forming the B-chloro-9-BBN adduct and reacting it with the 
appropriate organolithium compound, it should be possible to produce 
d^-benzaldehyde and d^-acetaldehyde. This reaction was not attempted
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and, thus, will not be discussed further. The pathway, however, 
certainly appears feasible.
Results
Carbonylation of Methyl-10- 
Undecenoate in the Presence 
of Lithium Triethylborohydride
Methyl-10-undecenoate was hydroborated with 9-BBN. After 
cooling the reaction flask to -54°, carbon monoxide uptake was 
initiated with the dropwise addition of a stoichiometric amount of 
lithium triethylborohydride. Carbon monoxide uptake paralleled 
hydride addition and was quantitative 15 minutes after last hydride 
addition. After oxidation and work-up, glpc analysis showed that 
a 61 percent yield of 11-carbomethoxy undecanal had been achieved.
Hydroboration-Carbonylation of 
Allyl Bromide and Allyl Acetate
Using the same procedure described for methyl-10-undecenoate, 
allyl acetate and allyl bromide were hydroborated with 9-BBN and 
carbonyiated at -54°. Quantitative glpc analysis was not done, but 
peaks which seemed to correspond to the retention times expected 
for 4-bromobutyraldehyde and 4-aceto-butyraldehyde were obtained.
Carbonylation of Trialkylborane- 
Lithium Hydride Slurries at 25°
Solutions of triethylborane, trihexylborane, and B-hexyl-9- 
BBN were stirred with lithium hydride under a carbon monoxide 
atmosphere. In the case of the triethylborane, carbon monoxide
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uptake did not start for 2.5 hours but was quantitative after 7.5 
hours. In the cases of the other two systems, heating from 30° to 
50° and stirring for up to 22 hours produced no carbon monoxide 
uptake.
Discussion
As can be seen, attempted carbonylation of lithium hydride-* 
trialkylborane slurries was effective only in the case of triethyl­
borohydride. It seems, therefore, that this is the only system in 
which a lithium trialkylborohydride complex is forming. This is 
substantiated by the fact that an I.R. spectrum of a lithium hydride- 
B-hexyl-9-BBN mixture, which had been refluxed for 2.5 hours, showed
no bcron-hydrogen stretch at 4.5-5.Op. This band is characteristic
31
of a trialkylborohydride. This may be happening because the 
three large alkyl groups in B-hexyl-9-BBN and trihexylborane 
effectively shield the borane center and do not allow the lithium 
hydride sufficient access to the empty p-orbital of the boron. Thus, 
it appears that for carbonylation of t.rialkylboranes with large 
alkyl groups a stronger metal hydride reducing agent than lithium 
hydride is needed.
In a preliminary study of the ability of the system to 
accommodate the production of functionally substituted aldehydes, it 
was found that in carbonylation of the methyl 10-undecenoate deriva­
tive of 9-BBN at -54° in the presence of lithium triethylborohydride, 
carbon monoxide uptake was quantitative, with regard to hydride 
added. This indicates that the metal hydride is not reducing the
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functional group during the reaction. Also, the reaction afforded a 
61 percent (glpc) yield .of 11-carbomethoxyundecanal (I.R. and N.M.R. 
spectra shown as Figures XII and XIII). This is the approximate 
yield expected for a long, straight-chain, primary olefin. Again, 
hoeever, bisulfite*separation gave only a 20- to 30-percent yield of 
recovered aldehyde. Carbonylation of 9-BBN derivatives generated 
from allyl acetate and allyl bromide in the presence of lithium 
triethylborohydride also gave quantitative carbon monoxide uptake. 
While quantitative analysis of these reaction mixtures was not accom­
plished, peaks which had retention times comparable to 4-bromo- 
butyraldehyde and 4-aceto-butyraldehyde were present. It thus appears 
that because methyl ester and acetate, especially, are readily 
readucible functional groups and because short-chain alkyl groups 
on B-alkyl--9-BBN can be accommodated, the preparation of aldehydes 
via the carbonylation B-alkyl-9-BBN in the‘presence of lithium 
triethylborohydride is indeed a general, widely-applicable aldehyde 
synthesis.
Experimental
Materials
All materials utilized in this chapter have been described 
previously, except:
Allyl bromide, Fischer, was used without further puri­
fication.
Allyl alcohol, Fisher, was used directly.
96
Acetic anhydride, B & A was used directly.
10-Undecenoic acid, Eastman was used without further 
purification.
Allyl acetate was prepared by adding 40g acetic anhy­
dride, 20 g. allyl alcohol, and two drops concentrated sulfuric acid 
to a dry 200 ml flask equipped with reflux condensor. The mixture 
was refluxed for two hours, cooled, and poured onto 40 ml cold 
water. After separation, the organic layer was washed with 25 ml 
portions of 15 percent sodium carbonate solution until gas evolution 
cessation. The layer was then washed with 2 x 25 ml portions of 
saturated calcium chloride solution, dried over anhydrous calcium 
chloride, gravity filtered into a flask, and distilled under dry 
nitrogen. The fraction distilling from 103° to 105° C was collected. 
The olefin was stored under dry nitrogen.
Methyl-10-undecenoate was prepared by adding lOOg (500 mmoles) 
10-undecenoic acid, 3 ml concentrated sulfuric acid, 50 ml (1.5 moles) 
absolute methanol, and 150 ml dichloromethane to a 500 ml, round- 
bottom flask and refluxing overnight. After cooling, the mixture was 
washed with 2 x 100 ml water, the dichloromethane layer stirred with 
sodium bicarbonate (no foaming), washed with an additional 100 ml 
portion of water, and dried over magnesium sulfate. After removal 
of the dichloromethane via a rotary evaporator, the residue was 
distilled under vacuum. A yield of 91g of methyl-10-undecenoate 
(b.p. 67° C at 0.3mm) was obtained.
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The Carbonylation of B-Methyl-
lO-Undecenoate-9-BBN in the 
Presence of Lithium 
Triethylborohydride
To a dry 250 ml flask septum inlet, stirrer, and attached to 
a Brown^ carbonylator under dry nitrogen, were added 10 ml tetra- 
hydrofuran, 25 mmoles (41.3 ml of a . 60M solution)9-BBN in tetra- 
hydrofuran, and 25 mmoles (5.75 ml) methyl-10-undecenoate. The 
mixture was stirred for two hours at 25° to ensure complete hydro- 
boration.
After cooling-the reaction flask to -54°, the system was 
flushed with carbon monoxide. Carbon monoxide uptake was then 
initiated with the slow addition of 25 mmoles (25 ml of a 1.07M 
solution) lithium triethylborohydride in tetrahydrofuran, over 
about 40 minutes. Carbon monoxide uptake was stoichiometric and 
was complete 15 minutes after last hydride addition. After placing 
the flask In an ice bath, the reaction mixture was oxidized with the 
addition of 50 ml 2.5M I^HPO^ salt solution and 25 ml 30 percent
hydrogen peroxide over 15 minutes. After heating and stirring at 
45° for two hours, the tetrahydrofuran layer was separated and 
washed with 2 x 40 ml portions saturated sodium chloride solution. 
The organic layer was then stirred overnight in a flask containing 
10 ml saturated sodium bisulfite solution (containing 5.2g,
52 mmoles sodium bisulfite).
The tetrahydrofuran layer was seen to have a milky con­
sistency at this time and upon cooling in an ice bath for 15 minutes
suspended crystals were formed. After filtering on a buchner fun­
nel, the crystals were washed with 3 x 35 ml portions pentane and 
air dried. The yield was 8.2g. Aldehyde regeneration was accom­
plished by placing the crystals into a flask with 25 ml saturated 
magnesium sulfate solution, 30 ml pentane, and 6 ml (72 mmoles 
formaldehyde) 37 percent formaldehyde solution and stirred for two 
hours. After separation, the pentane layer was dried over magnesium 
sulfate, filtered into a weighed round-bottom flask, and the pentane 
removed via a rotary evaporator. The residue (wt. = .9g, 20 percent 
yield) was analyzed via glpc and shown to be about 95 percent 
pure 11-carbomethoxyundecanal. After purification via preparatory 
glpc, I.R. and N.M.R. spectra were taken.
B-alkyl-9-BBN derivatives of allyl bromide and allyl acetate 
were prepared and carbonylated on a 10 mmole scale in the same 
manner. Because of reaction size, no bisulfite regeneration was 
attempted. After oxidation and work-up, 1-octanol was injected 
and glpc analysis accomplished. Analysis showed peaks present with 
retention times comparable to those expected for 4-bromo- 
butyraldehyde and 4-aceto-butyraldehyde.
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